Introduction
The type and number of ion channels expressed in the plasma membrane are major determinants of a cell's excitability and its capability of vectorial ion transport. These parameters can obviously be regulated on the transcriptional and translational level. In addition, growing experimental evidence appreciates that ion channel proteins can contain intrinsic sequence motifs which control surface expression by regulating distinct intracellular trafficking steps (1) (2) (3) .
Ion channels are sorted via the secretory pathway. After synthesis in the endoplasmic reticulum (ER), they are forwarded to the Golgi complex, from which they are finally transported to the plasma membrane. Having reached the cell surface, they might be endocytosed and either recycled back to the plasma membrane or diverted to degradation.
Protein trafficking between the various intracellular compartments is accomplished by transport vesicles which form at sites where certain coat proteins have been recruited to, a process which seems rather selective (4) (5) (6) (7) . Three main types of protein coats have been identified: clathrin coats vesicles that mediate protein transport within the endocytic membrane system (8, 9) , whereas the coat protein complexes COPI and COPII are involved in vesicle formation for the anterograde and retrograde protein transport of the early secretory pathway between the ER and the Golgi complex (10) (11) (12) . Besides these classic coat protein complexes, other types of selective vesicular carriers can be formed, for instance by the clathrin-independent adaptins AP-3 and AP-4 or the retromer complex (13, 14) . Selective recruitment of coat proteins is based on sequence information within the cytoplasmic domains of the respective cargo proteins. Thus, the C-terminal amino acid sequence YxxΦ (with x being any amino acid and Φ being a bulky, hydrophobic residue) or di-leucine motifs favor clathrin-mediated endocytosis of membrane proteins (9), C-terminal di-lysine motifs have Immunoblot analysis. Two days after transfection, cells were lysed in TEEN-T (50 mM Tris pH 7.6, 1 mM EDTA, 1 mM EGTA, 150 mM NaCl, 1 % Triton X-100, Complete ® protease inhibitor cocktail (Roche)) for 30 min on ice. Nuclei and cell debris were pelleted by lowspeed centrifugation at 500 g for 5 min at 4 °C. The supernatants were separated by reducing SDS-PAGE on a 10 % polyacrylamide gel, transferred onto PVDF membranes and incubated with a mouse monoclonal anti-GFP antibody (1:5000; Clontech Laboratories). Following incubation with a secondary HRP-conjugated anti-mouse IgG antiserum (1:2500; Santa Cruz Biotechnologies), labeled proteins were detected using ECL-plus reagent (Amersham). Isolation of detergent-resistant membrane fractions. Lipid rafts were isolated as described (23). Cells were homogenized in TEEN (pH 7.6) and cell debris was pelleted by low-speed centrifugation at 500 g for 5 min at 4 °C. A small fraction of the supernatant was used to check for equal expression levels of the respective proteins by immunoblot analysis. Crude membranes were collected by high-speed centrifugation at 100,000 g for 1 hr at 4 °C. They were resuspended in 200 µl of TEEN (pH 11) containing 1 % Triton X-100 and incubated on ice for 30 min. Subsequently, the samples were adjusted to 40 % sucrose/TEEN, overlaid with 1.5 ml of 36 % sucrose/TEEN and 2 ml of 10 % sucrose/TEEN. Following centrifugation at 100,000 g for 16 hrs at 4 °C, six 750 µl fractions were collected from the top, diluted with 3. .1∆1-76 (data not shown). As the N-terminus of Kv potassium channels is thought to be involved in subunit assembly (26-28), we tested whether deletion of the 76 N-terminal amino acids in Kir2.1 would affect its intracellular trafficking simply by disturbing channel assembly. Upon coexpression of HA-tagged Kir2.1 (Kir2.1-HA) and GFP Kir2.1∆1-76, both channel subunits did not only colocalize, but Kir2.1-HA was even able to rescue GFP Kir2.1∆1-76 into the plasma membrane, thereby excluding a necessary role of the Kir2.1 N-terminus in channel multimerization (Fig. 1D ). This observation is supported by earlier findings by Tinker and coworkers, who assigned the second transmembrane segment and a proximal C-terminal region to be the assembly domains of Kir channels with N-terminal deletions of up to 80 amino acids not affecting coimmunoprecipitation with homomeric wildtype subunits (29).
Taken together, while the C-terminus of Kir2.1 contains sequence information regulating early protein trafficking between the ER and the Golgi complex (16, 17) , its N-terminus seemed to be necessary for later trafficking steps, that is the export from the Golgi complex (Fig. 1E) .
N-terminal control of Golgi export is conserved among other Kir channel subfamilies
We then investigated whether the need of a N-terminal domain for post-Golgi trafficking was a broader principle among other Kir family members. GFP-fused Kir4.1 channel subunits ( GFP Kir4.1), which lack the ER export motif found in Kir2.0 channels, showed a homogenous distribution within the ER upon heterologous expression (Fig. 2) . Insertion of the Kir2.0 ER export sequence (-FCYENEV-) into the Kir4. 
Basic residues are critical for post-Golgi trafficking
Alignment of the identified N-terminal domains reveals a strikingly high number of basic, positively charged residues, such as arginine and lysine (Fig. 4A) . Some of these positive charges are highly conserved throughout the Kir channel subfamilies. When we neutralized these residues by mutation to alanine ( GFP Kir2.1-R44,46,67A-K49,50A-H53A), the mutant channel accumulated within the Golgi complex and could not be detected immunocytochemically on the cell surface anymore, which demonstrates a critical role of these residues in post-Golgi trafficking (Fig. 4B) . This was somewhat surprising because basic, positively charged residues have hitherto been implied in retrograde rather than anterograde sorting signals. Motifs such as NH 2 -xxRR-, -RxRR-, -KKxx-COOH, -KDEL-COOH function typically as ER retention/retrieval signals, whereas the known anterograde sorting signals that favor ER export share the common feature of one or more diacidic, negatively charged motifs (-DxE-), often neighbored by hydrophobic residues (1,3,19,30-32).
To further narrow down the trafficking motif, we neutralized single positive charges in the Kir2.1 N-terminus. Whereas single mutations of R44 and R46 to alanine did not significantly affect surface trafficking, the double mutant R44,46A accumulated in the Golgi complex and its surface expression was significantly reduced (Fig. 4C ). Though these observations underline a pivotal role for R44 and R46 in post-Golgi trafficking of Kir2.1, a contribution of other residues downstream of R46 cannot be excluded, particularly as also the interior deletion construct GFP Kir2.1-∆57-69, which lacks only one positively charged residue (R67), showed a loss of surface expression (Fig. 3) . Alternatively, impaired surface trafficking of Golgi export by confering lipid raft localization of the channel via electrostatic interaction with the negatively charged head groups of phospholipids. Density centrifugation revealed that wildtype GFP Kir2.1 is partially associated with lipid rafts (Fig. 4D) , similar to what had been shown previously for a tandem Kir3.1/3.2 channel (23). However, neutralizing the respective charges in the Kir2.1 N-terminus which had led to the loss of surface expression did not disrupt lipid raft association (Fig. 4D) . These data exclude a crucial role of these residues in targeting the channel protein into lipid domains. We assume that the identified sequence will rather serve as a recognition motif for a protein coat complex mediating vesicle transport from the Golgi complex to the cell surface.
In summary, we demonstrate that Golgi export of the mammalian Kir channel subunit Kir2.1 depends on sequence information within its cytoplasmic N-terminus without playing a role in channel multimerization. We propose that anterograde transport of ion channel proteins can be selective not only at the level of ER export, but also at a later stage of the secretory pathway, that is from the Golgi complex to the plasma membrane. Selectivity will most likely be achieved by coat or mediating adaptor proteins that recognize sequence information of the cargo protein and then initiate vesicle formation. The diversity among the signals identified so far might enable the cell to differentially control surface expression of different channel proteins at different stages of intracellular transport. 
